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Abstract  p27kip1 (p27) is a cell cycle inhibitor and tumor suppressor whose 
expression is highly regulated in the cell. Low levels of p27 have been associated 
with poor prognosis in cancer. Recently, several microRNAs have been described 
to control p27 expression in various tumor types. In this chapter, we will provide 
an overview on the role of microRNAs in cancer, and will discuss how microRNAs 
regulate p27 expression and the implications for tumor progression.

4.1 � Introduction

MicroRNAs (miRNAs) are conserved noncoding RNA molecules of about 22 
nucleotides that regulate gene expression post-transcriptionally. Generally, miRNAs 
recognize complementary sequences present in multiple copies in the 3¢ untranslated 
region (UTR) of target mRNAs and repress their translation (reviewed in Filipowicz 
et al. 2008). Translational repression is frequently accompanied by destabilization 
of the mRNA target, and, in some cases, mRNA degradation plays an important role 
in regulation (see Chap. 2 in this volume). Despite considerable efforts, the molecular 
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mechanisms of translational repression by miRNAs are unclear at present. This aspect 
of miRNA regulation is discussed in detail elsewhere in this volume (see Chaps. 1 
and 7 in this volume, chapter by Nilsen) as well as in a number of recent reviews 
(Standart and Jackson 2007; Jackson and Standart 2007; Eulalio et  al. 2008; 
Filipowicz et al. 2008; Richter 2008), and will not be discussed further here.

Since their discovery, miRNAs have been shown to play a role in a wide variety 
of biological processes, including embryonic development, morphogenesis, prolif-
eration, differentiation, inflammation, and apoptosis (reviewed in Bushati and Cohen 
2007; Bueno et al. 2008). During these processes, miRNAs can act as rheostats that 
fine-tune the expression of many mRNAs in the cell or as robust regulators of 
specific target genes. One of these genes is the tumor suppressor p27kip1 (p27), a cell 
cycle inhibitor whose deregulation contributes to tumor progression. In this 
chapter, we will focus on the role of miRNAs in cancer, and particularly on the 
expression of p27.

4.2 � miRNAs in Cancer

Cancer is a complex genetic disease caused by accumulation of mutations leading to 
uncontrolled cell growth and proliferation. Classically, the causes of tumorigenesis 
have been attributed to alteration of protein-coding genes, but recent evidences indi-
cate that changes in miRNA expression also contribute to tumor formation. For 
example, global depletion of miRNAs by impairing miRNA processing increases 
cellular transformation, and ectopic expression of miRNAs such as miR-155 or the 
miR-17-92 cluster accelerates tumor development (Kumar et  al. 2007; He et  al. 
2005; Costinean et al. 2006). miRNAs can be used to distinguish normal from tumor 
tissue, cancer type, stage, and other clinical variables. In fact, profiling experiments 
have shown that miRNA changes are better predictors of tumor type than mRNA 
changes and have led to the identification of miRNA signatures for specific types of 
cancer (reviewed in Lee and Dutta 2009). miRNA expression profiles are not only a 
useful diagnosis but also a prognosis tool, as correlations have been established 
between the expression of certain miRNAs and the survival of patients (e.g., 
Yanaihara et al. 2006; Takamizawa et al. 2004). Multiple mechanisms underlie the 
widespread disruption of miRNA expression in tumors, including: (1) the alteration 
of the genomic region where miRNA genes are located (Calin et al. 2004); (2) the 
epigenetic modification – DNA methylation or histone deacetylation – of miRNA loci 
(Lehmann et al. 2008); (3) the aberrant transcription of miRNA precursors (He et al. 
2007); and (4) the abnormal expression of factors involved in miRNA processing 
(Karube et al. 2005). In addition, the expression of modulators of miRNA function 
could also play a role (Kedde et al. 2007).

In order to understand the multiple functions of miRNAs in biological processes, 
it becomes essential to identify their targets. In silico predictions of miRNA targets 
are often inaccurate because the miRNA/mRNA interaction basically relies on a 
limited sequence length: the eight nucleotides of the miRNA seed region. In addition, 
mRNA recognition is influenced by the sequence context around the target site and 
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by factors that may block miRNA binding. Furthermore, although definitely useful, 
screenings based on over-expression of miRNAs usually yield a large number of 
false positives due to off-target effects. Alternative approaches consisting of immu-
noprecipitation of miRNP-associated transcripts or mRNA profiling after miRNA 
depletion are likely to improve the number of bona fide targets. To date, much 
information has accumulated about putative miRNA/mRNA pairs, but only a few 
have been experimentally validated. Validation is considered here in a rigorous 
sense, and includes reporter assays showing that the miRNA directly represses 
mRNA expression and that mutation of the miRNA binding sites abrogates regulation. 
Table 4.1 summarizes those validated pairs with a function in tumor development.

Table 4.1  Validated miRNA/ mRNA pairs in tumor progression

miRNA mRNA targeta Mechanismb Tumor References

let-7 HMGA2 R Ovary, lung Shell et al. (2007)
Lee and Dutta (2009)
Mayr et al. (2007)

NF2 nd Cholangio 
carcinoma

Meng et al. (2007)

let-7g k-Ras,  
c-Myc

nd Various Kumar et al. (2007)

miR-9,-125a, 
-125b

trkC nd Neuroblastoma Laneve et al. (2007)

miR-10b HOXD 10 T Breast Ma et al. (2007)
miR-16-1, -15a Bcl-2 T Leukemia Cimmino et al. (2005)
miR-17-5p AIB1 T Breast Hossain et al. (2006)

p21 R Neuroblastoma Fontana et al. (2008)
miR-17-5p, -20 TbRII R Tagawa et al. (2007)
miR-20a E2F1, 2, 3 T Sylvestre et al. (2007)
miR-21 Pdcd4 T Colon, breast Asangani et al. (2007)

Lu et al. (2008)
TMP1 T Zhu et al. (2007)

miR-29b Mcl-1 T Cholangio 
carcinoma

Mott et al. (2007)

miR-34a Bcl-2 nd Lung Bommer et al. (2007)
miR-124a CDK6 T Lung, colon Lujambio et al. (2007)

Medulloblastoma Pierson et al. (2008)
miR-206 ERa R Breast Adams et al. (2007)
miR-221,-222 p27 T Glioblastoma,  

prostate
Le Sage et al. (2007)
Galardi et al. (2007)

miR-372,-373 LATS2 T, R Testis Voorhoeve et al. (2006)
miR-378 Fus-1, Sufu T Glioblastoma Lee et al. (2007)
BART clusterc LMP1(c) T Nasopharynge Lo et al. (2007)
aHMGA2 High mobility group A2; NF2 Neurofibromatosis 2; trKC tropomyosin-related kinase C; 
AIB1 Amplified in breast cancer 1; TbRII Transforming growth factor beta-receptor type 2; Pdcd4 
Programmed cell death 4; TMP1 Tropomyosin 1; ERa Estrogen receptor alpha; LATS2 Large 
tumor suppressor homolog 2; LMP1 Latent membrane protein 1
bR RNA degradation; T translational control; nd not determined
cEncoded by the EBV (Epstein–Barr) virus genome
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miRNAs can either be up- or downregulated in tumors. let-7, one of the founding 
miRNA members, inhibits the expression of the oncogenes k-Ras, c-Myc, and 
HMGA2. Consistently, the levels of let-7 are reduced in several tumors, while they 
increase in differentiated tissues (e.g., Shell et al. 2007). Similarly, miR-15a and 
miR-16-1 regulate the expression of the mRNA encoding the antiapoptotic protein 
Bcl-2, and their levels are reduced in chronic lymphocytic leukemia (Cimmino 
et al. 2005). Conversely, the levels of the miR-17-92 cluster are high in primary 
neuroblastoma tumors, especially in those with poor prognosis. miR-17-92 inhibits 
the expression of the cell cycle inhibitor p21, leading to increased cell proliferation 
(Fontana et al. 2008). miR-10b and miR-21 are also over-expressed in cancer and 
promote invasion and metastasis via the translational repression of HOXD10, and 
TPM1 and PDCD4 mRNAs, respectively (Zhu et al. 2007; Lu et al. 2008; Ma et al. 
2007). Interestingly, the related miRNA, miR-10a, also over-expressed in tumors, 
has been proposed to bind to the 5¢ UTR of ribosomal protein mRNAs and to 
increase their translation, a function that may contribute to activate global protein 
synthesis and growth of transformed cells (Ørom et al. 2008). Thus, miRNAs can 
behave as either oncogenes or tumor suppressors depending on the cell type.

A recent screening has identified miR-221 and miR-222 as regulators of the 
expression of the tumor suppressor p27. The broad range of functions in which this 
protein is involved marks p27 as a prominent mediator of miRNA effects in cancer. 
In the following sections, we will discuss the roles of p27 and the implications of 
its regulation by miRNAs in tumorigenesis.

4.3 � Role of p27 in Tumor Progression

The cell division cycle is driven by the alternate activity of cyclin-dependent 
kinases (CDKs). The activity of CDKs, in turn, is regulated by their association 
with regulatory cyclin subunits, the phosphorylation of their catalytic kinase sub-
units, their subcellular localization, and their binding to regulatory proteins called 
cyclin-dependent kinase inhibitors (CKIs) (reviewed in Malumbres and Barbacid 
2007; Sherr and Roberts 2004). p27 is a member of the Cip/Kip family of CKIs; it 
binds into the catalytic cleft of the cyclin/CDK complex preventing ATP recognition 
(Russo et al. 1996). Typically, p27 inhibits the G1/S transition by binding to the 
S-phase promoting kinases, cyclin E/CDK2 and cyclin A/CDK2, although it has 
also been reported to inhibit the G2/M transition by regulating the activity of CDK1 
(Aleem et al. 2005). The antiproliferative role of p27 depends on its localization in 
the nucleus, coincident with its target kinases. Cytoplasmic p27 performs alternative 
functions, including the regulation of cytoskeletal structure and cell migration. p27 
inhibits the activity of the GTPase RhoA, which is necessary for the adhesion of cells 
to the substrate, thereby promoting cell motility (Besson et al. 2004). In addition, 
p27 is necessary for the complete differentiation of several cell types and has been 
shown to modulate apoptosis (e.g., Baldassarre et  al. 1999; Nguyen et  al. 2006; 
Bryja et al. 2004; Philipp-Staheli et al. 2001). The function of p27 in apoptosis appears 
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to be highly dependent on the experimental model, as some studies show a proapop-
totic effect of the protein while others report an antiapoptotic role (reviewed in 
Borriello et al. 2007; Besson et al. 2008). It is interesting to note that the processes 
controlled by p27 (cell proliferation, differentiation, migration, and apoptosis) are 
often deregulated in cancer.

According to the important roles of p27 in the cell, expression of p27 is tightly 
regulated in a cell-type and condition-specific manner. The importance of maintaining 
adequate levels of p27 is illustrated by the phenotypes of the p27 knock-out 
and heterozygous mice. Null mice develop increased body size with multiple organ 
hyperplasia, show greater predisposition to induced tumorigenesis and develop 
pituitary tumors spontaneously (Fero et al. 1996; Kiyokawa et al. 1996; Nakayama 
et al. 1996). p27 heterozygous mice, containing half the amount of protein of wild 
type animals, show an intermediate phenotype (Fero et al. 1998). Molecular analysis 
of tumors from these mice showed that the remaining wild type allele was neither 
mutated nor silenced, indicating that p27 is haplo-insufficient for tumor suppression. 
p27 is also associated with spontaneous tumorigenesis in humans, since many human 
cancers express decreased amounts of p27 compared to normal tissues. Moreover, 
low levels of p27 frequently correlate with increased tumor aggressiveness and 
poor clinical outcome (Chu et al. 2008). Usually, the p27 gene is not mutated or 
deleted in cancer, but tumors associate with altered post-transcriptional regulation. 
Although in most cell types p27 plays an antitumorigenic role, elevated p27 levels 
are not always beneficial. Indeed, according to the function of p27 in cell migration, 
there is a positive correlation between elevated cytoplasmic p27 levels and invasive-
ness of a number of tumors, such as melanoma, leukemia, and breast, cervix, and 
uterus carcinomas (Denicourt et al. 2007; Dellas et al. 1998; Vrhovac et al. 1998; 
Kouvaraki et al. 2002; Watanabe et al. 2002). In addition, p27 might contribute to 
the resistance of some tumor cells to chemotherapy-induced apoptosis (Blain et al. 
2003). Thus, given the complexity of p27 functions, an accurate knowledge of the 
mechanisms controlling p27 expression in each cell type is necessary to develop 
successful therapies against cancer.

4.4 � Regulation of p27 Expression: Role of miRNAs

Expression of p27 is regulated at multiple levels, including transcription, mRNA 
stability, translation, proteolysis, and subcellular localization. Several mechanisms 
of regulation may coexist in a single cell depending on the cell type, the extracellular 
stimuli, and the biological circumstances (reviewed in le Sage et al. 2007b; Chu 
et al. 2008; Borriello et al. 2007; Vervoorts and Lüscher 2008; Koff 2006).

Translational regulation of p27 mRNA has emerged as a prominent mechanism to 
regulate p27 expression during differentiation, quiescence, and cancer progression. 
Early reports indicated that the translation of p27 mRNA increased in Hela cells 
arrested in G1 by treatment with lovastatin, in quiescent, contact-inhibited fibroblasts 
and in differentiated human promyelocytic leukemia (HL60) cells (Hengst and Reed 
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1996; Millard et al. 1997). Subsequent studies showed that the 5¢ UTR of p27 mRNA 
contains a number of regulatory features that could allow p27 expression independently 
on the fate of most cellular mRNAs. For example, an upstream open reading frame 
was proposed to contribute to translational regulation of p27 during the cell cycle 
(Göpfert et al. 2003). In addition, several groups have reported the presence of an inter-
nal ribosome entry site (IRES) that promotes p27 translation in conditions where cap-
dependent translation of most cellular messages is compromised (Miskimins et al. 2001; 
Kullmann et al. 2002; Cho et al. 2005; Jiang et al. 2007). The IRES is recognized by the 
proteins PTB, HuR, and hnRNPC1/C2 (Millard et al. 2000; Kullmann et al. 2002; Cho 
et al. 2005). However, the role of these proteins in p27 mRNA translation is unclear 
and the existence of the IRES has been recently disputed, as the detected activity was 
attributed to cryptic promoters in p27 5¢ UTR (Liu et al. 2005; Cuesta et al. 2009).

More recently, miRNAs have appeared as chief regulators of p27 mRNA 
expression. The first indications that miRNAs could play a role in the expression 
of p27 were obtained in Drosophila (Hatfield et  al. 2005). Inhibition of miRNA 
processing by mutation of dicer-1 resulted in delayed G1/S transition of germ-line 
stem cells, a process controlled by the p27 homolog Dacapo. Reduction of Dacapo 
levels partially rescued dicer-1 mutants and over-expression of Dacapo resembled 
dicer-1 mutations, suggesting that an adequate processing of miRNAs was necessary 
to repress Dacapo. Importantly, expression of a Dacapo transgene lacking a region 
of the 3¢ UTR predicted to contain miRNA binding sites was not affected by dicer-1 
mutations (Hatfield et  al. 2005). These results suggested that the expression of 
Dacapo was regulated by miRNAs binding to the 3¢ UTR. Indeed, mammalian p27 
mRNA translation is regulated via its 3¢ UTR in Hela, MDA468, and 3T3 cells 
(Millard et al. 2000; Vidal et al. 2002; Gonzalez et al. 2003). Significantly, similar 
to Drosophila, depletion of dicer in human glioblastoma cells increases p27 levels 
and decreases proliferation (Gillies and Lorimer 2007).

An elegant functional screening identified miRNAs that regulate p27 expression 
(le Sage et al. 2007a). In this screening, Hela cells expressing the GFP coding sequence 
fused to the 3¢ UTR of p27 were transduced with a miRNA library, and cells express-
ing low levels of GFP were selected. The particular miRNA expressed in these cells 
was identified as miR-221. This miRNA also repressed the expression of endogenous 
p27, while p27 mRNA levels and the steady state of p27 protein remained unchanged. 
These results established that miR-221 represses the translation of p27 mRNA. 
Bioinformatics analysis predicted two target sites for miR-221 and the related 
miRNA miR-222 in the 3¢ UTR of p27. miR-222 is encoded in the same genomic 
cluster as miR-221 and contains the same seed sequence. Validations using luciferase 
reporters showed that over-expressed miR-221/222 repressed the expression of 
transcripts containing wild type, but not mutated target sites. Conversely, mutation of 
the miRNA seed sequence in the miRNA- expressing vector abolished repression. In 
addition, antagomirs (antisense RNA oligos containing a molecule of cholesterol at 
the 5¢ end and 2¢-O-methylated at every nucleotide) against miR-221/222 inhibited 
proliferation of glioblastoma cells, whereas they had no effect on cell growth when 
p27 was depleted (le Sage et al. 2007a). These studies established a causal relationship 
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Fig. 4.1  Impact of the translational 
regulation of p27 mRNA. Translational 
control of p27 mRNA by miR-221/222 
and miR-181a influences cell proliferation, 
differentiation, and apoptosis. Deregulated 
expression of miR-221/222 promotes 
tumor progression (see text for details)

between miR-221/222, p27, and cell proliferation. miR-221/222 also regulate the 
expression of p27 in prostate carcinoma and melanoma cells, and their over-expression 
correlates with increased colony-forming potential and proliferation, respectively 
(Galardi et al. 2007; Felicetti et al. 2008). Collectively, the data suggest that miR-
221/222 are oncogenes whose function is to repress the expression of the tumor sup-
pressor p27 (Fig. 4.1).

The translation of p27 is also regulated by other miRNAs in different biological 
contexts. miR-181a was shown to repress the translation of p27 mRNA in undif-
ferentiated HL60 cells (Cuesta et  al. 2009). Repression by miR-181a is relieved 
during differentiation, allowing the accumulation of p27 necessary to fully block 
the cell cycle and reach the differentiated state. Intriguingly, one of the two target 
sites for miR-181a coincides with one of those binding to miR-221/222, suggesting 
that p27 3¢ UTR contains hot-spots for miRNA-mediated regulation.

The modulation of miRNA/target interactions provides an additional level of 
plasticity to the regulation by miRNAs. Binding of miR-221/222 to their target sites 
in p27 3¢ UTR can be blocked by the RNA-binding protein Dnd1 (Dead end 1), 
which recognizes U-rich sequences in the vicinity of the miRNA binding sites 
(Kedde et al. 2007). Dnd1 also counteracts the function of other miRNAs. Thus, 
cell proliferation and tumor progression should also be influenced by the relative 
amounts of Dnd1 and miRNAs, at least in primordial germ cells where Dnd1 is 
expressed.
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4.5 � Conclusions

p27 is a multifunctional protein that performs a dual role: in the nucleus, it acts as 
a tumor suppressor that inhibits cell proliferation by interfering with the activity of 
cyclin/CDK complexes; in the cytoplasm, it is an oncogene with prometastatic 
potential, in part due to its ability to regulate cell migration. Over the years, signifi-
cant knowledge has accumulated about the mechanisms that regulate p27 protein 
degradation. Recently, translational regulation of p27 mRNA by miRNAs has 
emerged as a novel mode of control. Often, miRNAs repress translation only about 
2-fold. Since p27 is haploinsufficient for tumor suppression, a reduction of the kind 
would be enough to promote tumor growth. miR-221 achieves this reduction in a 
number of tumors and, perhaps for this reason, upregulated miR-221 is part of a 
miRNA cancer signature. The regulation of p27 mRNA translation and stability are 
still largely unexplored. Learning about these mechanisms should greatly improve 
our capacity to develop successful therapies against cancer.	

Acknowledgments  Work in the author’s laboratory was supported by grants 02/028-00 from La 
Caixa Foundation, grants BMC2003-04108 and BFU2006-01874 from the Spanish Ministry of 
Education and Science, and grant 2005SGR00669 from the Department of Universities, 
Information and Sciences of the Generalitat of Catalunya (DURSI).

References

Adams BD, Furneaux H, White BA (2007) The micro-ribonucleic acid (miRNA) miR-206 targets 
the human estrogen receptor-alpha (ERalpha) and represses ERalpha messenger RNA and 
protein expression in breast cancer cell lines. Mol Endocrinol 21:1132–47

Aleem E, Kiyokawa H, Kaldis P (2005) Cdc2-cyclin E complexes regulate the G1/S phase 
transition. Nat Cell Biol 7:831–836

Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S, Allgayer H (2008) 
MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor suppressor Pdcd4 and 
stimulates invasion, intravasation and metastasis in colorectal cancer. Oncogene 27:2128–36

Baldassarre G, Barone MV, Belletti B, Sandomenico C, Bruni P, Spiezia S, Boccia A, Vento MT, 
Romano A, Pepe S, Fusco A, Viglietto G (1999) Key role of the cyclin-dependent kinase inhibitor 
p27kip1 for embryonal carcinoma cell survival and differentiation. Oncogene 18:6241–6251

Besson A, Gurian-West M, Schmidt A, Hall A, Roberts JM (2004) p27Kip1 modulates cell migra-
tion through the regulation of RhoA activation. Genes Dev 18:862–876

Besson A, Dowdy SF, Roberts JM (2008) CDK inhibitors: cell cycle regulators and beyond. Dev 
Cell 14:159–169

Blain SW, Scher HI, Cordon-Cardo C, Koff A (2003) p27 as a target for cancer therapeutics. 
Cancer Cell 3:111–115

Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick R, Love RE, Zhai Y, Giordano TJ, Clin ZS, 
Moore BB, MacDongald OA, Cho KR, Fearon ER (2007) P53-Mediated activation of miRNA34 
Candidate tumor-suppressor genes. Curr Biol 17:1298–307

Borriello A, Cucciolla V, Oliva A, Zappia V, Della Ragione F (2007) p27Kip1 metabolism: a 
fascinating labyrinth. Cell Cycle 6:1053–1061

Bryja V, Pacherník J, Soucek K, Horvath V, Dvorák P, Hampl A (2004) Increased apoptosis in 
differentiating p27-deficient mouse embryonic stem cells. Cell Mol Life Sci 61:1384–1400



674  Regulation of p27kip1 mRNA Expression by MicroRNAs

BookID 112610_ChapID 4_Proof# 1 - 12/10/2009

Bueno MJ, de Castro IP, Malumbres M (2008) Control of cell proliferation pathways by microR-
NAs. Cell Cycle 7:3143–3148

Bushati N, Cohen SM (2007) microRNA functions. Annu Rev Cell Dev Biol 23:175–205
Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, Shimizu M, Rattan S, 

Bullrich F, Negrini M, Croce CM (2004) Human microRNA genes are frequently located  
at fragile sites and genomic regions involved in cancers. Proc Natl Acad Sci U S A 
101:2999–3004

Cho S, Kim JH, Back SH, Jang SK (2005) Polypyrimidine tract-binding protein enhances the 
internal ribosomal entry site-dependent translation of p27Kip1 mRNA and modulates transi-
tion from G1 to S phase. Mol Cell Biol 25:1283–1297

Chu IM, Hengst L, Slingerland JM (2008) The Cdk inhibitor p27 in human cancer: prognostic 
potential and relevance to anticancer therapy. Nat Rev Cancer 8:253–267

Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M, Wojcik SE, Aqeilan RI, 
Zupo S, Dono M, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM 
(2005) miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc Natl Acad Sci U S A 
102:13944–13949

Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema N, Croce CM (2006) Pre-B cell 
proliferation and lymphoblastic leukemia/high-grade lymphoma in E(mu)-miR155 transgenic 
mice. Proc Natl Acad Sci U S A 103:7024–7029

Cuesta R, Martínez-Sánchez A, Gebauer F (2009) miR-181a regulates cap-dependent translation 
of p27kip1 mRNA in myeloid cells. Mol Cell Biol 29: 2841–2851

Dellas A, Schultheiss E, Leivas MR, Moch H, Torhorst J (1998) Association of p27Kip1, cyclin 
E and c-myc expression with progression and prognosis in HPV-positive cervical neoplasms. 
Anticancer Res 18:3991–3998

Denicourt C, Saenz CC, Datnow B, Cui XS, Dowdy SF (2007) Relocalized p27Kip1 tumor 
suppressor functions as a cytoplasmic metastatic oncogene in melanoma. Cancer Res 
67:9238–9243

Eulalio A, Huntzinger E, Izaurralde E (2008) Getting to the root of miRNA-mediated gene silencing. 
Cell 132:9–14

Felicetti F, Errico MC, Bottero L, Segnalini P, Stoppacciaro A, Biffoni M, Felli N, Mattia G, 
Petrini M, Colombo MP, Peschle C, Carè A (2008) The promyelocytic leukemia zinc finger-
microRNA-221/-222 pathway controls melanoma progression through multiple oncogenic 
mechanisms. Cancer Res 68:2745–2754

Fero ML, Rivkin M, Tasch M, Porter P, Carow CE, Firpo E, Polyak K, Tsai LH, Broudy V, 
Perlmutter RM, Kaushansky K, Roberts JM (1996) A syndrome of multiorgan hyperplasia 
with features of gigantism, tumorigenesis, and female sterility in p27(Kip1)-deficient mice. 
Cell 85:733–744

Fero ML, Randel E, Gurley KE, Roberts JM, Kemp CJ (1998) The murine gene p27Kip1 is 
haplo-insufficient for tumour suppression. Nature 396:177–180

Filipowicz W, Bhattacharyya SN, Sonenberg N (2008) Mechanisms of post-transcriptional regula-
tion by microRNAs: are the answers in sight? Nat Rev Genet 9:102–114

Fontana L, Fiori ME, Albini S, Cifaldi L, Giovinazzi S, Forloni M, Boldrini R, Donfrancesco A, 
Federici V, Giacomini P, Peschle C, Fruci D (2008) Antagomir-17–5p abolishes the growth of 
therapy-resistant neuroblastoma through p21 and BIM. PLoS ONE 3:e2236

Galardi S, Mercatelli N, Giorda E, Massalini S, Frajese GV, Ciafrè SA, Farace MG (2007) 
miR-221 and miR-222 expression affects the proliferation potential of human prostate carcinoma 
cell lines by targeting p27Kip1. J Biol Chem 282:23716–23724

Gillies JK, Lorimer IA (2007) Regulation of p27Kip1 by miRNA 221/222 in glioblastoma. Cell 
Cycle 6:2005–2009

Gonzalez T, Seoane M, Caamano P, Vinuela J, Dominguez F, Zalvide J (2003) Inhibition of Cdk4 
activity enhances translation of p27kip1 in quiescent Rb-negative cells. J Biol Chem 
278:12688–12695

Göpfert U, Kullmann M, Hengst L (2003) Cell cycle-dependent translation of p27 involves a 
responsive element in its 5’-UTR that overlaps with a uORF. Hum Mol Genet 12:1767–1779



68 A. Martínez-Sánchez and F. Gebauer

BookID 112610_ChapID 4_Proof# 1 - 12/10/2009 BookID 112610_ChapID 4_Proof# 1 - 12/10/2009

Hatfield SD, Shcherbata HR, Fischer KA, Nakahara K, Carthew RW, Ruohola-Baker H (2005) 
Stem cell division is regulated by the microRNA pathway. Nature 435:974–978

He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S, Powers S, Cordon-
Cardo C, Lowe SW, Hannon GJ, Hammond SM (2005) A microRNA polycistron as a potential 
human oncogene. Nature 435:828–833

He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y, Xue W, Zender L, Magnus J, Ridzon D, 
Jackson AL, Linsley PS, Chen C, Lowe SW, Cleary MA, Hannon GJ (2007) A microRNA 
component of the p53 tumour suppressor network. Nature 28:1130–1134

Hengst L, Reed SI (1996) Translational control of p27Kip1 accumulation during the cell cycle. 
Science 271:1861–1864

Hossain A, Kuo MT, Saunders GF (2006) Mir-17-5p regulates breast cancer cell proliferation by 
inhibiting translation of AIB1 mRNA. Mol Cell Biol 26:8191–201

Jackson RJ, Standart N (2007) How do microRNAs regulate gene expression? Sci STKE 
367:re1

Jiang H, Coleman J, Miskimins R, Srinivasan R, Miskimins WK (2007) Cap-independent transla-
tion through the p27 5’-UTR. Nucl Acids Res 35:4767–4778

Karube Y, Tanaka H, Osada H, Tomida S, Tatematsu Y, Yanagisawa K, Yatabe Y, Takamizawa J, 
Miyoshi S, Mitsudomi T, Takahashi T (2005) Reduced expression of Dicer associated with 
poor prognosis in lung cancer patients. Cancer Sci 96:111–115

Kedde M, Strasser MJ, Boldajipour B, Oude Vrielink JA, Slanchev K, le Sage C, Nagel R, 
Voorhoeve PM, van Duijse J, Ørom UA, Lund AH, Perrakis A, Raz E, Agami R (2007) RNA-
binding protein Dnd1 inhibits microRNA access to target mRNA. Cell 131:1273–1286

Kiyokawa H, Kineman RD, Manova-Todorova KO, Soares VC, Hoffman ES, Ono M, Khanam D, 
Hayday AC, Frohman LA, Koff A (1996) Enhanced growth of mice lacking the cyclin-dependent 
kinase inhibitor function of p27(Kip1). Cell 85:721–732

Koff A (2006) How to decrease p27Kip1 levels during tumor development. Cancer Cell 9:75–76
Kouvaraki M, Gorgoulis VG, Rassidakis GZ, Liodis P, Markopoulos C, Gogas J, Kittas C (2002) 

High expression levels of p27 correlate with lymph node status in a subset of advanced invasive 
breast carcinomas: relation to E-cadherin alterations, proliferative activity, and ploidy of the 
tumors. Cancer 94:2454–2465

Kullmann M, Gopfert U, Siewe B, Hengst L (2002) ELAV/Hu proteins inhibit p27 translation via 
an IRES element in the p27 5’UTR. Genes Dev 16:3087–3099

Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T (2007) Impaired microRNA processing 
enhances cellular transformation and tumorigenesis. Nat Genet 39:673–677

Laneve P, Di Marcotullio L, Gioia U, Fiori ME, Ferretti E, Gulino A, Bozzoni I, Caffarelli E 
(2007) The interplay between microRNAs and the neurotrophin receptor tropomyosin-related 
kinase C controls proliferation of human neuroblastoma cells. Proc Natl Acad Sci U S A 
104:7957–62

le Sage C, Nagel R, Egan DA, Schrier M, Mesman E, Mangiola A, Anile C, Maira G, Mercatelli 
N, Ciafrè SA, Farace MG, Agami R (2007a) Regulation of the p27(Kip1) tumor suppressor by 
miR-221 and miR-222 promotes cancer cell proliferation. EMBO J 26:3699–3708

le Sage C, Nagel R, Agami R (2007b) Diverse ways to control p27Kip1 function: miRNAs come 
into play. Cell Cycle 6:2742–2749

Lee YS, Dutta A (2009) MicroRNAs in cancer Annu Rev Pathol 4:199–277
Lehmann U, Hasemeier B, Christgen M, Müller M, Römermann D, Länger F, Kreipe H (2008) 

Epigenetic inactivation of microRNA gene hsa-mir-9–1 in human breast cancer. J Pathol 
214:17–24

Liu Z, Dong Z, Han B, Yang Y, Liu Y, Zhang JT (2005) Regulation of expression by promoters 
versus internal ribosome entry site in the 5’-untranslated sequence of the human cyclin-
dependent kinase inhibitor p27kip1. Nucl Acids Res 33:3763–3771

Lo AK, To KF, Lo KW, Lung RW, Hui JW, Liao G, Hayward SD (2007) Modulation of LMP1 
protein expression by EBV-encoded microRNAs. Proc Natl Acad Sci U S A 104:16164–16169

Lu Z, Liu M, Stribinskis V, Klinge CM, Ramos KS, Colburn NH, Li Y (2008) MicroRNA-21 promotes 
cell transformation by targeting the programmed cell death 4 gene. Oncogene 27:4373–4379



694  Regulation of p27kip1 mRNA Expression by MicroRNAs

BookID 112610_ChapID 4_Proof# 1 - 12/10/2009

Lujambio A, Ropero S, Ballestar E, Fraga MF, Cerrato C, Setién F, Casado S, Suarez-Gauthier A, 
Sanchez-Cespedes M, Git A, Spiteri I, Das PP, Caldas C, Miska E, Esteller M (2007) Genetic unmask-
ing of an epigenetically silenced microRNA in human cancer cells. Cancer Res 67:1424–1429

Ma L, Teruya-Feldstein J, Weinberg RA (2007) Tumour invasion and metastasis initiated by 
microRNA-10b in breast cancer. Nature 449:682–688

Malumbres M, Barbacid M (2007) Cell cycle kinases in cancer. Curr Opin Genet Dev 17:60–65
Mayr C, Hemann MT, Bartel DP (2007) Disrupting the pairing between let-7 and Hmga2 enhances 

oncogenic transformation. Science 315:1576–9 
Meng F, Henson R, Wehbe-Janek H, Smith H, Ueno Y, Patel T (2007) The MicroRNA let-7a 

modulates interleukin-6-dependent STAT-3 survival signaling in malignant human cholangio-
cytes. J Biol Chem 282:8256–8264

Millard SS, Yan JS, Nguyen H, Pagano M, Kiyokawa H, Koff A (1997) Enhanced ribosomal 
association of p27(Kip1) mRNA is a mechanism contributing to accumulation during growth 
arrest. J Biol Chem 272:7093–7098

Millard SS, Vidal A, Markus M, Koff A (2000) A U-rich element in the 5’ untranslated region is 
necessary for the translation of p27 mRNA. Mol Cell Biol 20:5947–5959

Miskimins WK, Wang G, Hawkinson M, Miskimins R (2001) Control of cyclin-dependent kinase 
inhibitor p27 expression by cap-independent translation. Mol Cell Biol 21:4960–4967

Mott JL, Kobayashi S, Bronk SF, Gores GJ (2007) Mir-29 regulates Mcl-1 protein expression and 
apoptosis. Oncogene 26:6133–6140

Nakayama K, Ishida N, Shirane M, Inomata A, Inoue T, Shishido N, Horii I, Loh DY, Nakayama 
K (1996) Mice lacking p27(Kip1) display increased body size, multiple organ hyperplasia, 
retinal dysplasia, and pituitary tumors. Cell 85:707–720

Nguyen L, Besson A, Heng JI, Schuurmans C, Teboul L, Parras C, Philpott A, Roberts JM, 
Guillemot F (2006) p27kip1 independently promotes neuronal differentiation and migration in 
the cerebral cortex. Genes Dev 20:1511–1524

Ørom UA, Nielsen FC, Lund AH (2008) MicroRNA-10a binds the 5’UTR of ribosomal protein 
mRNAs and enhances their translation. Mol Cell 30:460–471

Philipp-Staheli J, Payne SR, Kemp CJ (2001) p27(Kip1): regulation and function of a haploinsuf-
ficient tumor suppressor and its misregulation in cancer. Exp Cell Res 264:148–168

Pierson J, Hostager B, Fan R, Vibhakar R (2008) Regulation of cyclin dependent kinase 6 by 
microRNA 124 in medulloblastoma. J Neurooncol 90:1–7

Richter JD (2008) Think you know how miRNAs work? Think again. Nat Struct Mol Biol 
15:334–336

Russo AA, Jeffrey PD, Patten AK, Massagué J, Pavletich NP (1996) Crystal structure of the 
p27Kip1 cyclin-dependent-kinase inhibitor bound to the cyclin A-Cdk2 complex. Nature 
382:325–331

Shell S, Park SM, Radjabi AR, Schickel R, Kistner EO, Jewell DA, Feig C, Lengyel E, Peter ME 
(2007) Let-7 expression defines two differentiation stages of cancer. Proc Natl Acad Sci U S 
A 104:11400–11405

Sherr CJ, Roberts JM (2004) Living with or without cyclins and cyclin-dependent kinases. Genes 
Dev 18:2699–2711

Standart N, Jackson RJ (2007) MicroRNAs repress translation of m7G ppp-capped target mRNAs 
in vitro by inhibiting initiation and promoting deadenylation. Genes Dev 21:1975–1982

Sylvestre Y, De Guire V, Querido E, Mukhopadhyay UK, Bourdeau V, Major F, Ferbeyre G, Chartrand 
P (2007) An E2F/miR-20a autoregulatory feedback loop. J Biol Chem 282:2135–2143

Tagawa H, Karube K, Tsuzuki S, Ohshima K, Seto M (2007) Synergistic action of the microRNA-17 
polycistron and Myc in aggressive cancer development. Cancer Sci. 98:1482–90

Takamizawa J, Konishi H, Yanagisawa K, Tomida S, Osada H, Endoh H, Harano T, Yatabe Y, 
Nagino M, Nimura Y, Mitsudomi T, Takahashi T (2004) Reduced expression of the let-7 
microRNAs in human lung cancers in association with shortened postoperative survival. 
Cancer Res 64:3753–3756

Vervoorts J, Lüscher B (2008) Post-translational regulation of the tumor suppressor p27(KIP1). 
Cell Mol Life Sci 65:3255–3264



70 A. Martínez-Sánchez and F. Gebauer

BookID 112610_ChapID 4_Proof# 1 - 12/10/2009

Vidal A, Millard SS, Miller JP, Koff A (2002) Rho activity can alter the translation of p27 mRNA 
and is important for RasV12-induced transformation in a manner dependent on p27 status. J 
Biol Chem 277:16433–16440

Voorhoeve PM, le Sage C, Schrier M, Gillis AJ, Stoop H, Nagel R, Liu YP, van Duijse J, Drost J, 
Griekspoor A, Zlotorynski E, Yabuta N, De Vita G, Nojima H, Lee DY, Deng Z, Wang CH, 
Yang BB (2007) MicroRNA-378 promotes cell survival, tumor growth, and angiogenesis by 
targeting SuFu and Fus-1 expression. Proc Natl Acad Sci U S A 104:20350–2035

Vrhovac R, Delmer A, Tang R, Marie JP, Zittoun R, Ajchenbaum-Cymbalista F (1998) Prognostic 
significance of the cell cycle inhibitor p27Kip1 in chronic B-cell lymphocytic leukemia. Blood 
91:4694–4700

Watanabe J, Sato H, Kanai T, Kamata Y, Jobo T, Hata H, Fujisawa T, Ohno E, Kameya T, 
Kuramoto H (2002) Paradoxical expression of cell cycle inhibitor p27 in endometrioid 
adenocarcinoma of the uterine corpus – correlation with proliferation and clinicopathological 
parameters. Br J Cancer 87:81–85

Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, Stephens RM, Okamoto A, 
Yokota J, Tanaka T, Calin GA, Liu CG, Croce CM, Harris CC (2006) Unique microRNA 
molecular profiles in lung cancer diagnosis and prognosis. Cancer Cell 9:189–198

Zhu S, Si ML, Wu H, Mo YY (2007) MicroRNA-21 targets the tumor suppressor gene tropomyosin 1 
(TPM1). J Biol Chem 282:14328–14336


	Chapter 4
	Regulation of p27kip1 mRNA Expression by MicroRNAs
	4.1 Introduction
	4.2 miRNAs in Cancer
	4.3 Role of p27 in Tumor Progression
	4.4 Regulation of p27 Expression: Role of miRNAs
	4.5 Conclusions

	References




